Reward has significant impacts on behavior and perception. Most past work in associative 22 reward learning has used distinct visual cues to associate with different reward values. Thus, it 23 remains unknown to what extent the learned associations depend on the consciousness. Here we 24 resolved this issue by using an inter-ocular suppression paradigm with the monetary rewarding and 25 non-rewarding cues identical to each other except for the eye-of-origin. Thus, the reward coding 26 system cannot rely on the consciousness to select the reward-associated cue. Surprisingly, the 27 targets in the rewarded eye broke into awareness faster than those in the non-rewarded eye. We 28 further revealed that producing this effect required both attention and inter-ocular suppression.
breakthrough ratio was calculated by dividing the number of trials with correct responses by the 89 total trial count for each eye-of-origin condition, respectively.
90
Repeated measurements ANOVA and paired t-test were used to statistically analyze the results 91 (see Table 1 for the detailed statistics of the ANOVA results). In the pre-test, there was no 92 significant difference between the breakthrough ratios for the rewarded eye and the non-rewarded 93 eye (t(35) = 0.193, p = 0.848, Cohen's d = 0.028). Therefore, we subtracted the breakthrough ratios 94 in the pre-test from those in the subsequent sessions to estimate the change of breakthrough ratios 95 across the sessions. Consistent with the previous finding (Mastropasqua, Tse, & Turatto, 2015) , 96 the targets broke into awareness generally faster in the later sessions than in the pre-test.
97 Surprisingly, there were more breakthrough trials in the rewarded eye than in the non-rewarded 98 eye (training 1: t(35) = 2.815, p = 0.008, d = 0.463; training 2: t(35) = 3.649, p < 0.001, d = 0.658, 99 see Figure 1C ). However, this eye specific effect was absent in the post-test (t(35) = 0.438, p = participants rewarded for a correct response to the target presented to the rewarded eye. It was 143 clear that these target-only trials were irrelevant to inter-ocular suppression. We found that in these 144 trials, participants performed well in the pre-test for both eyes, with no significant difference in the 145 performance (t(14) = 0.913, p = 0.377, d = 0.189). Training improved the performance for both eyes 146 slightly by between 1.0% and 1.5% in the target-only trials with no difference across the eyes (all 147 ps > 0.54). In the with-CFS trials, the break through ratio increased with training. However, no 148 significant difference was observed between the breakthrough ratios for the rewarded eye and 149 those for the non-rewarded eye in the pre-test (t(14) = 0.969, p = 0.349, d = 0.223), and the increase 150 of breakthrough ratios did not show any difference between the two eyes in any of the training 151 sessions (training 1: t(14) = 1.007, p = 0.331, d = 0.293; training 2: t(14) = 0.472, p = 0.645, d = 152 0.102; training 3: t(14) = 0.468, p = 0.647, d = 0.101, see Figure 2A ). Similar results were found 153 after the false alarm correction.
154
Since the performance for the target-only trials was almost perfect, a potential influence of ceiling 155 effect could not be excluded. We then used a more difficult contrast detection task and an 156 orientation discrimination task to further examine this issue. Subthreshold stimuli rather than inter-157 ocular suppression were used to render the stimuli hard to perceive in these two experiments.
158
In the contrast detection experiment (Experiment 2b, Figure 2B ), no significant difference of the 159 performance between the eyes was observed ( Figure 2C , F(1, 13) = 1.986, p = 0.182, η 2 = 0.133), 
165
Considering that the contrasts of stimuli in Experiment 2b were close to or below the detection 166 threshold, visual signals to primary visual cortex might be faint. As a result, the eye-specific reward 167 might not be able to enhance these signals. However, the eye-specific reward learning effect was 168 still absent in Experiment 2c where high contrast gratings and orientation discrimination task were 169 used ( Figure 2D ). For each offset level, the performances in the pre-test were not different between 170 the two eyes (all ps > 0.80, FDR corrected). After subtracting the correction rates of the pre-test 7 from those in training sessions, no difference was found between the rewarded and non-rewarded 
181
When selective attention was involved in the eye-specific rewarding. The results of the 182 Experiments 1 and 2 indicated that inter-ocular suppression was necessary for eliciting the eye-183 specific reward learning effects when participants could not discriminate the rewarding vs. non-184 rewarding targets. In Experiment 1a, the eye-of-origin information was the only difference between 185 the two kinds of targets, though could not be consciously realized. An interesting question is 186 whether we can still observe the eye-specific learning effects when reward is also related to another 187 feature that could be consciously distinguished. In Experiment 3, the rewarding target was defined 188 by a conjunction of two features. Only the bar in one of the two orientations presented to the 189 rewarded eye was the rewarding target. Although the participants were still not aware of the 190 manipulation on the eye of origin information, they could quickly learn of the relationship between 191 orientation and reward over training. We conducted Experiment 3 on two different groups of 192 participants. Because of a mistake, the first group of participants did not complete the post-test 193 after training (this was referred to as Experiment 3a hereafter). Therefore, we replicated the 194 experiment in another group of participants but added the post-test (this was referred to as 195 Experiment 3b hereafter). No significant differences among conditions were found in the pre-test 196 of both groups (all ps > 0.18). Surprisingly, we found two different patterns of the learning effect in 197 the two groups. Results from the first group of participants showed a significant interaction between 198 Orientation and Session (see Table 1 for detailed statistics). Paired t-test indicated that the reward-199 based learning was orientation-specific ( Figure 
297
it is not strange that in the present study attention can work with the reward coding system 298 independent of consciousness. As a result, the breakthrough was facilitated more for the rewarded 299 eye than for the non-rewarded eye in Experiment 1a. Once the attentional resource was consumed 300 by another demanding task, the co-work of attention and reward coding system failed, thus no eye-301 specific learning effect was observed in Experiment 1b.
302
Notably, the above explanation receives further support from the results of our Experiment 2 303 where we examined whether inter-ocular suppression of the target was necessary for observing 304 the eye-specific learning effects. The results of Experiment 2a showed no eye-specific learning 305 effects. To avoid any unwanted influence of the ceiling effect, we used more difficult tasks in 306 Experiment 2b and Experiment 2c. Again, no eye-specific learning effects were observed.
307
Therefore, inter-ocular suppression seems to be a necessity for the finding in Experiment 1a.
308
Without inter-ocular suppression during the training, the targets were represented by the activities 309 of both monocular and binocular neurons. However, the relationship between rewards and neuronal 310 responses was different in these two neuronal populations. In case of breakthrough, the firings of 311 monocular neurons were either 100% (for the rewarded eye) or 0% (for the non-rewarded eye) 312 predictive of subsequent rewards, yet the firings of binocular neurons were always 50% predictive 313 of rewards. The absence of the eye-specific learning effects thus indicated that in Experiment 2 the 314 reward coding system weighted heavily on the activities of binocular neurons and ignored the eye-315 of-origin information. This is possible given that binocular neurons greatly outnumber monocular 316 neurons in the visual cortex.
317
Is inter-ocular suppression sufficient to observe the eye-specific learning effects? As indicated 318 by our Experiment 3, this is not the case. As shown in Figure 3 , one group of participants showed 319 only the orientation-specific learning, while the learning of the other group of participants relied on 320 both the orientation and the eye-of-origin information. In Experiment 3, a rewarding target was 321 defined as a feature conjunction, so that both the orientation and eye-of-origin had a 50% 322 probability to be a feature of the rewarding target, though the actual probability for the rewarding 323 target was 25%. However, over training the participants might only realize that one of the two 324 orientations was reward-associated, while still unaware of the relationship between rewards and 325 eye-of-origin. As shown in Figure 3B , the first group of participants only showed the orientation-326 specific learning, although rewards were only preceded by half of the targets that were in the 327 reward-associated orientation (i.e. RO-RE rather than RO-NE), they might treat both the RO-RE 328 and RO-NE targets as a single type of targets that sometimes (50% probability) brought rewards 329 at the time of breaking into awareness. As a result, targets in the reward-associated orientation, 330 which were probably expected by the participants, were more readily to break into awareness than 331 those in the perpendicular orientation. The increase of breakthrough ratio was thus similar for the 332 two conditions. In this case, the reward coding system seemed to no longer work in an 333 unsupervised mode based solely on the eye-of-origin information as in Experiment 1a. Instead, it 334 worked in a supervised mode, and selectively strengthened the representations in the expected 335 orientation. This behavior of the reward coding system is very similar to its role in teaching attention 336 to make selections which is advocated by many other researchers. Importantly, this supervised-337 mode mechanism seems to override the unsupervised-mode mechanism, leading to an absence 338 of the eye specificity. By contrast, the learning in the second group showed a more complex pattern.
339
These participants learned even more slowly than the first group, and in the last training session 340 they showed both an orientation-specific and eye-specific learning effect. We presume that the 341 slower development of the orientation-specific learning may indicate a lower efficiency of the 342 supervised-mode mechanism in these participants. Accordingly, the unsupervised-mode 343 mechanism might have the chance to play a role, eventually resulting a significant eye-specific 344 learning effect. 
358
We therefore propose that the reward coding system can produce two different types of reward- 
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In summary, the present study reports a novel type of reward learning that is established specific 373 to one eye. Physically identical targets were presented either to the rewarded eye or to the non- Table S1 , as well as the breakthrough ratios for each eye.
434
After the pre-test, the participants completed two training sessions, and a post-test. Each session 435 consisted of two blocks of 160 trials. In the pre-and post-tests, there were no monetary rewards.
436
The target was presented to the left eye in half of the trials, and to the right eye in the rest of the 437 trials. The two conditions of trials were randomly interleaved. In the training sessions, for each 438 participant one eye was assigned to be the rewarded eye. Participants were not aware of this 439 setting. The selection of the rewarded eye was counter-balanced across the participants. A trial 440 was called a rewarding trial if the target was presented to the rewarded eye. Immediately after a 441 correct response for a rewarding trial, a 500-Hz tone would beep for 50 ms, which notified the 442 participants of winning 0.2 yuan. After each block, a message on the screen showed the 443 participants the total amount of gain.
444 445 Experiment 1b. The stimuli of b-CFS task were similar to those in Experiment 1a, except that the 446 target was a capital letter "T" in a squared frame. The target was presented at 2° eccentricity above 447 or below the center of the screen. The letter has four orientations (upright, upside down, right tilt, 448 left tilt), participants were asked to report the letter orientation by pressing the corresponding arrow 449 key. Simultaneously with the b-CFS task, participants were required to complete a central RSVP 450 task. A series of capital letters were binocularly presented in a central white circle (0.6° in diameter) 451 during the presentation of CFS stimuli. Each letter subtended for 0.5° and was presented for 250 452 ms. The task was to find "O" in the letter series. A trial lasted for 3700-4000 ms or until the press 453 of an arrow key was detected. Only one letter "O" was presented in each trial, and it was not 454 presented at the beginning or the last 200 ms. In each block, 20 trials were planned to be catch 455 trials without RSVP target. However, since a trial may end before the presentation of "O", there 456 would be more catch trials. We calculated the hit rate and false alarm rate to measure the 457 performance of RSVP task. A hit was the response that was made after the presentation of "O" and 458 before the end of the trial. A false alarm was the response that was made before or without the 459 presentation of "O" in a trial.
460
The screen test and procedure were same as those in Experiment 1a. In the training sessions, 461 participants were told that the reward they could receive was firstly rely on the b-CFS task, while 462 the hit rate of RSVP task would serve as a discount ratio to the overall reward. 
470
The screen test and pre-test were the same as those in Experiment 1a. During the training 471 sessions, one eye was assigned to be the rewarded eye. However, rewards just occurred in the 472 target-only trials where the target appeared in the rewarded eye. A correct response in a rewarding 473 trial would bring a 500-Hz beep and give rise to a reward of 0.31 yuan. In this experiment, all the 474 participants could finish the task with nearly perfect performance. Therefore, in order to make the 475 total amount of rewards slightly different across the participants, a random amount (ranging from -476 5.00 to 5.00 yuan) was added to the final gain for each block before it was shown on the screen.
477
Each participant completed a pre-test and three training sessions. 
482
Participants performed a two-interval forced-choice (2IFC) task. They were required to detect in 483 which interval the grating was presented. Three practice sessions and four formal test sessions 484 were completed. The contrasts of test gratings were manipulated by a 2-down-1-up staircase in the 485 practice sessions. Sixty contrast levels were predetermined for the staircase, ranging 486 logarithmically from 0.4% (Michelson contrast) to 4% (though 10% for the first practice session for 487 an easier task). The first practice session included only one block, which was used for the 488 participants to get familiar with the task. A block contained two interleaved staircases. Each 
499
After the practice, participants finished four formal test sessions, a pre-test session, two training 500 sessions and a post-test session. The task was same as that used in the practice experiment.
501
Seven test contrast levels ranged logarithmically from one fourth to three times of the threshold 502 estimated in the practice sessions were used. For each eye, every contrast level was tested 50 503 times, resulting in 700 trials per session. The test eye and contrast were randomly selected in each 504 trial. A session was divided into 4 blocks, allowing the participants to take a break after every block.
505
The contrast threshold of each eye was estimated by fitting the accuracies at all contrast levels with 506 a Weibull function (82% correct performance).
507
Unbeknown to the participants, one eye was selected to be the rewarded eye before the formal 508 experiments. The selection of rewarded eye was counter-balanced across participants. Every 509 correct response for a rewarding trial was accompanied with an auditory feedback (1200 Hz).
510
However, only in the training sessions, participants were informed that the high frequency beep 511 meant an extra money reward of 0.77 yuan. After each training block, a message on the screen 512 showed the participants how much they had earned. 513 514 Experiment 2c. The stimuli were gratings with the contrast of 80%, and the orientations were about 515 45°. In each trial, the stimuli were presented monocularly. Participants performed an orientation 516 discrimination task by judging whether the second grating tilted clockwise or counter-clockwise to 517 the first one.
518
After a few practice sessions, participants performed a pilot session where their orientation 519 discrimination thresholds were measured. The orientation difference between the reference and 520 test gratings was adjusted according to a staircase procedure. Each practice session included two 521 interleaved staircases, one for each eye. The pilot session included four interleaved staircases, two 522 for each eye. Every staircase contained 50 trials. Fifty levels of the orientation offset were 523 predetermined for the staircase, ranging logarithmically from 0.1° to 10°. The mean orientation 524 offsets from the last six reversals of each staircase were calculated as the orientation discrimination 525 threshold for each eye respectively (71% correction threshold).
526
In the formal experiments, participants finished a pre-test session and 3 training sessions. Each 527 session consisted of 5 blocks (100 trials per block). For each eye, four subthreshold offset levels 528 (0.10, 0.23, 0.37, 0.5 × individual threshold) and a threshold offset level were determined. The 529 threshold level was set to ensure participants could discrimination the orientation difference in some 530 of the trials so that they would not give up on the task. In each block, 10 trials were tested for each 531 offset level.
532
There was no reward in the pre-test. In the training sessions, one eye was selected as the 533 rewarded eye. For trials in which stimuli with the maximum orientation offset (threshold level) were 534 presented to the rewarded eye, a beep (1300 Hz) sounded immediately after the participants made 535 a correct response. For stimuli with subthreshold orientation offset and were presented to the 536 rewarded eye, the beep was given regardless of whether the responses were correct or not.
537
Participants were not informed under what circumstance the reward would be given, but were 538 instructed that each beep meant that they had earned a certain amount of reward (0.09 yuan/trial).
539
The total gain was presented on the screen after each block. It should be noted that, since 540 participants were rewarded according to the correction their responses for only 10 trials in each 541 block, the amount of reward could be nearly equal across the blocks. To increase the variance of 542 reward over blocks, a random value was either added to or subtracted from the actual money 543 participants had earned. 544 545 Experiment 3. The stimuli were similar to those in Experiment 1a, except that the target was either 546 a vertical or horizontal bar (length: 1.4°, linewidth: 0.2°) without the square frame (see Figure 3A ).
547
This could make a vertical bar more distinguishable from a horizontal bar.
548
Like Experiment 1a, participants were required to detect a target in one eye suppressed by the 549 CFS stimuli in the other eye. Because there were two different targets (vertical or horizontal) and 550 the target could be presented to one of the two eyes, there were four conditions in this experiment 551 (vertical target in the left eye, vertical target in the right eye, horizontal target in the left eye, and 552 horizontal target in the right eye). Only one of the four conditions (counter-balanced across the 553 participants) was assigned to be the rewarding condition, while the other three conditions were 554 non-rewarding conditions. A correct response in a rewarding trial would produce a reward of 0.5 555 yuan accompanied by an audio feedback. The gross of rewards was listed in a message on the 556 screen after the end of each block. The four types of trials were randomly interleaved within a 557 session.
558
Since the eye specific learning effect in Experiment 1a was no longer observed once the reward 559 was withdrew in the post-test, we first asked a group of participants to complete the experiment 560 with a screen test, a pre-test, and three training sessions (Experiment 3a). Another group of Eye-of-origin × Target Orientation F(1, 17) = 3.209, p = 0.091, η 2 = 0.159 F(1, 17) = 1.982, p = 0.177, η 2 = 0.104
Eye-of-origin × Session F(3, 51) = 1.161, p = 0.334, η 2 = 0.064 F(2.139, 36.371) = 0.941, p = 0.405, η 2 = 0.052, Greenhouse-Geisser corrected Session × Eye-of-origin × Target Orientation F(2.049, 34.831) = 0.115, p = 0.896, η 2 = 0.007, Greenhouse-Geisser corrected F(1.932, 32.847) = 0.173, p = 0.834, η 2 = 0.010, Greenhouse-Geisser corrected Exp.3b Session F(4,60) = 16.782, p < 0.001, η 2 = 0.528 F(4,60) = 15.438, p < 0.001, η 2 = 0.507
Eye-of-origin F(1,15) = 1.916, p = 0.187, η 2 = 0.113 F(1,15) = 1.676, p = 0.215, η 2 = 0.101
Target Orientation F(1,15) = 0.073, p = 0.791, η 2 = 0.005 F(1,15) = 0.076, p = 0.786, η 2 = 0.005
Target Orientation × Session F(4,60) = 2.491, p = 0.053, η 2 = 0.142 F(4,60) = 1.101, p = 0.365, η 2 = 0.068
Eye-of-origin × Target Orientation F(1,15) = 1.258, p = 0.280, η 2 = 0.077 F(1,15) = 0.954, p = 0.344, η 2 = 0.060
Eye-of-origin × Session F(4,60) = 4.016, p = 0.030, η 2 = 0.211, Greenhouse-Geisser corrected F(4,60) = 4.021, p = 0.029, η 2 = 0.211,
Greenhouse-Geisser corrected
Session × Eye-of-origin × Target Orientation F(4,60) = 0.913, p = 0.462, η 2 = 0.057 F(4,60) = 0.611, p = 0.656, η 2 = 0.039
Here, FA denotes false alarm.
